To combat the growing emissions of CO2 from industrial processes, Carbon Capture and Storage (CCS) and Carbon Capture and Utilization technologies (CCU) have been accepted worldwide to address these The CMF proved to be very reliable in the gas combination processes and as a reference meter for the APT-FCW sensor. Further analytical observations are discussed in detail.
INTRODUCTION
Carbon Capture and Storage (CCS) and Carbon Capture and Utilisation (CCU) technologies have been accepted worldwide to play a pivotal role in the mitigation of anthropogenic CO2 gas in power stations and industrial plants. This generally involves the transportation of CO2 gas from the capture sites to storage locations such as saline formations and depleted oil and gas reservoirs [1] . CCU differs from CCS in the final destination of the captured CO2 in which it is instead converted into commercial products rather than transferred to a suitable site for long-term storage [2] . Effective and accurate accounting during custody transfer as well as across the entire CCS chain is necessary to boost confidence in the technology as significant measurement errors could lead to considerable financial exposures. In CCS and CCU facilities, one of the early stages of the flue gas processing in the extraction of the CO2 gas using 'CO2 strippers' before being passed on to the compression systems for transportation. At the beginning of the CCS process in the capture plants for the launch of flow into the CO2 transportation pipelines, the compression pressure conditions are essentially insufficient to produce liquid or other dense phases of the fluid [3] . The measurement uncertainty of existing metering instruments in the area of CO2 flow measurement may be very high since most manufacturers do not normally calibrate their meters with CO2 flows. If metering uncertainty is to be kept low -the arbitrary 1.5% by mass, as recommended by the EU-Emissions Trading Scheme (ETS) [4] , the need to recognize the presence of undesirable impurity contents in various stages along the pipeline leading to and at the storage platform is a fundamental requirement of the CCS technology. The presence of impurities in CO2 transportation lines could affect the functionality of the flowmeters and resultantly increasing overall measurement uncertainty. Aside from this problem, the performance of currently available flowmeters for CO2 mixture applications remains largely unknown. Although common standards for CO2 purity are yet to be established within the CCS scheme, information concerning this has been deemed important to influence CCS related regulations and consultation re-routing in the near future [5] . Since most volumetric flowmeters employed in CCS facilities would require their flow data to be presented in terms of mass, the indispensable importance of density calculation of CO2 mixtures is not only essential to the uncertainty of measurement results, but also for controlling CCS processes and planning as well as to ensure optimum design and operation of systems across the CCS streams. In addition, there is currently insufficient knowledge of the physical and thermodynamic properties and phase envelopes of CO2 mixtures in the CCS chain [6] . With respect to the large scale metering processes of CCS, a slight uncertainty in the measured volumetric flow rate and hence the total mass of CO2 can also introduce significant financial exposures.
In this paper, an Averaging Pitot Tube with Flow Conditioning Wing (APT-FCW) is used as a costeffective technological option to measure a binary gaseous mixture with CO2 as a base gas and other gases as minor components. Its measurement results are compared against those obtained from a set of multiple Coriolis mass flowmeters (CMFs). In addition to its strong promising potential of meeting the EU-ETS uncertainty requirement under the CCS scheme draft guideline, the CMF was selected for its industry-wide versatility for various flow conditions and very high reliability [7] . Previous studies [8] have also shown that the CMF offers stable and consistent performance and therefore capable of serving as a reference meter for the APT-FCW. The APT-FCW flow sensor has been demonstrated to meter pure gaseous CO2 under laboratory conditions within an error of ±1% [8] . This present research examines the level of metrological impact that the presence of gaseous impurities could have on the APT-FCW in CO2 gas metering processes. Diluent gases -nitrogen (N2), air, oxygen (O2), argon (Ar) and Propane (C3H8) are used as contaminants and combined with the CO2 gas at 10%, 15% and 20% fractions by mass to create a homogeneous binary gas mixture. The performance of the APT-FCW flow sensor, CMFs and other related measurements are also discussed.
MEASUREMENT PRINCIPLE
The Averaging Pitot Tube with the Flow Conditioning Wing geometry (APT-FCW) is a pressure-based flow sensor that measures the differential pressure (DP) at a point in the pipeline by averaging the differential signal produced by each of the laterally arranged sensing ports on its probe [9] . Along with its unique cross-sectional shape, the APT-FCW prototype offers a high level of flow measurement accuracy and repeatability in particular for large pipelines. The APT-FCW has the potential to become a useful and cost-effective technique to achieve satisfactory measurement uncertainty. A photographic representation along with the cross sectional shape of the APT-FCW [8] that was used in this study is shown in Fig. 1 , while its metering principle is illustrated in Fig. 2 . The high DP produced by the sensor is actually one of its most advantageous characteristics, particularly in comparison with other available models. Recent developments in averaging Pitot tube [8] [9] [10] [11] [12] have proven the sensor a reliable technology for single-phase gas and liquid flow applications. The measured pressure difference at the point of installation in the flow stream is a direct function of the average flow of the binary gas mixture which is calculated as: - In earlier work [8, 9] , K was predicted through Computational Fluid Dynamics (CFD) simulation. The APT-FCW was designed to measure the flow rate by averaging the velocities across the pipe section.
When predicting the value of K, it is important that the point of average velocity within the cross section 6 of the pipe be accurately detected in order to achieve reliable flow rate measurement. A cross section perpendicular to the APT-FCW's detecting tube and which passes through the average point of the pipe velocity profile was taken as a 2-D simulation model. In practice, the average velocity point is not fixed. This is because as the flow velocity within the pipeline increases, the velocity profile becomes more irregular. Moreover, the velocity profile is associated with the radius of the pipeline and the exponent n of a fully developed velocity profile function, where n is influenced by Reynolds number. When the Reynolds number changes in the range of 4 x 10 4 ~ 2.5 x 10 5 for the prediction of K, the distance between the average velocity point and the center of the pipeline ranges from 0.7546R and 0.7633R, where R is the internal radius of the pipe. To simplify calculations, the average velocity point is taken at the average (i.e. 0.7589R) [9] . The flow coefficient value is later experimentally finalized based on a 1-inch pipe and compensates for thermal expansion, discharge coefficient, velocity of approach and gas expansion factors relating to this piping conditions. In essence, the sensor's port diameters, locations and spacing will be different for a different pipe diameter.
A common and obvious challenge for volumetric flowmeters in the CCS scenario is the accurate determination of the mixture's density. The density of a gas mixture is normally adopted from the ideal gas law under the assumption that a real gas behaves as ideal under ordinary temperature and low pressure conditions. Hence compressibility effect is neglected. Moreover, since most of the equations of state (EOS) models are explicit in pressure and temperature and while also considering the maximum operating pressure (10 bar) of the flow test rig used in this study, the mathematically calculated 'reduced pressure' [13] under this condition becomes very small (0.03~0.05). This effectively approximates the mixture's compressibility value to 1. From previous uncertainty estimations [8] , the combined uncertainty of the pressure and temperature measurements under the test conditions of the flow rig system is approximately ±0.2%. Various existing accurate EOS models [14] [15] [16] [17] with different range of validity, structure and general characteristics of the mixture components have been recently adopted for CO2 7 mixtures. In the present study, the ideal gas approach is deemed acceptable for the density calculation of the CO2 mixtures due to its very low uncertainty under the experimental test and laboratory conditions.
To calculate the mixture density, first the molecular weight of the binary gas mixture is obtained as:- (2) where C and M are respectively the mass fraction (%) and molecular weight (g) of a component gas. Equation (2) is then used to compute the specific gas constant in J/kg K as:- (3) The density of the mixture is finally calculated as:- (4) where P is the absolute mixture pressure in Pa and T is the flow temperature in K.
The volumetric and mass flow rates can be computed using the following equations:-
where D is the internal diameter of the pipe in m, qv is the volumetric flow rate of the mixture in m 3 /s, qm is the mass flow rate of the mixture in g/s and t is the flow run time in seconds.
The final step of calculation is to obtain the totalized or batch mass (Qm) in grams, measured by the flow sensor which is deduced by noting the run time (t) during each flow test:
3. EXPERIMENTS
Flow System Setup
As pointed out in Section 1, the APT-FCW was extensively calibrated for pure CO2 flows in earlier work [8, 18] and as such no further calibrations were carried out for the flow sensor during these experiments.
This approach allows the reliability of the APT-FCW's default CO2 calibrations to be investigated in the presence of foreign fluid components in the CO2 flow stream. Taking into consideration that the custody transfer of CO2 in CCS facilities is primarily in mass units, mixing of the gases was carried out by is the primary constituent gas in this flow test, a high-flow (0-167 g/s) CMF with metering error better than ±0.35% was fitted on the pure CO2 gas line. To maintain high metering accuracy, a low-flow CMF model with a much lower range of 10 g/s and metering error better than ±0.2% was fitted on the diluent gas supply line. A separate unit which is the same model as the high-flow CMF on the pure CO2 line was located downstream on the main process line to measure the flow rate of the CO2 mixture and also serve as a reference to the tandem-installed APT-FCW module. All component gases were dry and their purity grade as supplied by the British Oxygen Company (BOC), UK were 99.95% and above. Pure CO2 was delivered from a skid-assembly liquid vessel which was gasified with an electric vaporizer to around ambient temperature while the diluent gases were from pressurized cylinders, each gas with its own pressure rating. While certain key gases like hydrogen and methane including much heavier gases like butane which would likely represent more realistic foreign gas contents in CCS streams could not be used in the experimental test programme due to strict safety regulations in place for our laboratory environment [18] , the test matrix was designed around safer gases of different molecular weights. A total of five diluent gases (N2, air, O2, Ar and C3H8) with molecular weights 28, 29, 32, 40 and 44 g, respectively, were used as contaminants for combination with the pure CO2 gas. The mix fractions were 10%, 15% and 20%. It 
Meter Calibration and Verification
Resulting from the chosen gravimetric mixing technique, it is important that the laboratory operation of the CMFs be checked in order to establish an accurate, valid and reliable reference for the APT-FCW. A serial flow connection was setup amongst all three CMFs for pure CO2 gas in the order of; ULF, UHF and DHF. Different flow rates were tested for a batch size around 700g. The results in Fig. 4a show very good agreement among the meters and that the measurements taken fall substantially within the ±0.5% error bracket expectation by a reasonably good margin. Similarly, the graphs in Fig. 4b confirm these results at a selected 9-g/s test point. Notwithstanding the time delay in initiating each meter to the launch of flow which is clearly observable in Fig. 4b , this delay by a few seconds in data logging does not appear to severely influence the performance or final readings of the CMFs due to the standingstart-and-finish approach. Alternate arrangements of the meters produced similar results. Finally, since the ULF CMF would be handling very low flow rates (~0.5 g/s), it was necessary to verify its consistence at this region in accordance with those at the high end of its flow range. As a result, the meter was subjected to further tests against a weighing scale apparatus. Based on the single-phase calibration characteristics, it is evident from Fig. 5 that the meter yields an error within ±1% across the tested range despite its somewhat slightly high zero stability of 50 g/h where the maximum recorded error was about 0.65% at the 0.5-g/s test point. The error of other test points fell well within our desired specification of ±0.5%.
RESULTS AND DISCUSSION
Measurement results summarizing the measurement errors of the CMFs in mixing the component gases for different mass fractions to achieve a desired flow rate during the experimental tests are presented in Table I . The data were collected randomly across the entire test matrix for the evaluation of the CMFs under the stipulated experimental conditions. Looking at the data items, the performance of the CMFs is undoubtedly consistent for all diluent gases, mix fractions and across the mass flow test range. This process allowed sources of errors that might have been generated from the reference meters and possibly influenced the error of the final results from the APT-FCW to be quickly identified. Apparently in this case, the CMFs matched our performance requirement. It is noteworthy that with respect to a standard weighing calibration procedure in the laboratory, the total uncertainty of the CMFs and the APT-FCW are within ±1% and ±1.5%, respectively. For the purpose of technical insight and reference, the plots in Fig. 6 show the measurement implication of applying the single-phase calibrations of the APT-FCW for pure CO2 for a different gas like air. Since the K-factor of the APT-FCW sensor is predicted as a function of Reynolds number by combining the effect of the fluid density, viscosity and pipe diameter and velocity, the K-factor obtained for airflow at a specified Reynolds number will be the same for CO2 or other fluids at that same Reynolds number. This will be further discussed in detail later in this section relative to the results of those of the diluent gases.
Meanwhile, the results indicate that using the calibration settings of the CO2 gas for a considerably less dense fluid like air may introduce additional measurement error anywhere within ±1%. In the case of other gases and depending on the density of the test gas, it is logical to assume that this error could be different from this value.
Next, the data plot of the APT-FCW's measurement results of the two-component CO2 mixtures with gaseous impurities are presented in Fig. 7 for all mix fractions. The data are used again to show the APT- Table II presents data from other extra tests on different pure and adulterated fluids outside that of the original test matrix. With the broad pattern behaviour being similar for all plots in Fig. 7 , surprisingly, examining the data contents of Table II , it is understood that the constant rising 'additional' measurement error tends to peak at around 1%. This occurs somewhere between a mix fraction of 20% and 50% of the diluent gas, for a total measurement error of just under 2%. This additional incurred error from the combination with a minor component gas appear to be rather retained and can be prevalent by different magnitudes (of course, depending on flow conditions) in subsequent mass fractions beyond the 50% point even by the time the flow stream became completely composed of only the diluent gas. This can be directly related to the test data previously shown in Fig. 6 with airflow, which to some extent confirms this behavioural pattern. It is also important to acknowledge the chosen ideal gas density model for influencing the observed error trend since the specific gas constant of the mixture obviously drifts towards that of the diluent gas as it progressively became the primary content in the flow stream. To better understand these error trends and also to check if the gravimetric mixing method might have been an incompatible technique for the APT-FCW's pressure-based metering principle, more tests with CO2
acting as its own diluent were conducted. Pure CO2 from a pressurized cylinder on the minor component line was mixed with that from the main vessel on the high-flow line at different proportions. Table III validates the original ±1% error boundary of the APT-FCW from single-phase CO2 calibration and thus rules out the suggested likelihood of a technical problem from the gravimetric mixing process. In practical terms, gases of lower density compared to CO2 would normally require higher flow pressure to attain the same set mass flow rate for the CO2 gas and vice versa. For this reason, the presence of less dense minor component gases would therefore virtually cause the mixture pressure for a particular mass test point to increase (depending on the mix fraction) and in turn, the DP output signal. For example, in this test, by up to 2.7 kPa at 10% mix, 6 kPa bar at 30% in the case of argon and up to 10.7 kPa at 10% mix, 19 kPa at 30% mix in the case of nitrogen. Conversely, the CO2-CO2 mixture does not seem to be strongly affected by these subtle pressure mixtures requires more understanding and thus remains a welcoming challenge for future works. Perhaps this apparent error trend lies somewhere else in more or certain thermodynamic properties which ultimately could be of more technical relevance than initially anticipated under the test conditions. Also, the characteristic interaction between CO2 and the individual impurity gases which is a suspected source of the APT-FCW's metering error cannot be overlooked.
CONCLUSIONS
The influence of impurities in a two-component/binary CO2 gaseous mixture using the APT-FCW sensor with respect to single-phase calibration characteristics has been investigated in this paper. A wide range of experiments were carried out on a CO2 gas instrumentation system to understand the behaviour of CO2 mixtures and how volumetric and direct mass measurement methods respond to this interesting behaviour. The ideal gas approach was used to serve as EOS for the density computation of the CO2 mixtures. Experimental results have shown that the error of the APT-FCW in binary CO2 mixtures increases with the mass fraction and molecular weight/density of the gas contaminant. Additional error of up to ±3% can be incurred depending on the type and mass fraction of the diluent gas. In the CO2 mixtures, gases with molecular weight closer to that of CO2 produced lesser additional errors; ±0.3% at 10% mix, ±1% at 15% mix and ±1.5% at 20% mix, in the case of propane. Further tests revealed that the behavioural pattern of the APT-FCW in CO2-impurity mixtures does not appear to be prevalent in CO2-CO2 mixtures nor is its performance affected by the chosen gravimetric mixing method. The obtained measurement results and overall experimental assessment further demonstrates the APT-FCW as a potential cost-effective technology for CCS metering systems albeit a higher degree of uncertainty for CO2 mixtures which consequently requires more understanding. With further investigations, the APT-FCW could be established to meet the EU-ETS ±1.5% uncertainty demand even when impurities are present in the CO2 flow stream.
On the other hand, the CMFs were tested in a series connected configuration to verify their consistency for the actual CO2 mixture test matrix, and to establish them as an accurate and reliable reference for the APT-FCW. The results from this calibration test have shown that their performance met expectations.
Data collected at random during the actual test programme have proven that the CMFs performed well over a wide mass flow range and are an effective technique for testing mass mixing of fluid components.
The CMF should therefore have little difficulty coping with impurities in CCS pipelines.
An extension to this project would be to look into high dense flows of the mixture where the compressibility begins to diminish from 1. This is a more practical and realized scenario in actual CCS transmission pipelines where pressure and temperature changes can indeed be more significant and as such, more sophisticated EOSs would be required for density calculation of the mixture. To meet the rather high measurement uncertainty demands of the CCS framework, more thermodynamic properties are needed to perform these calculations accurately. Dense multiphase CO2 mixtures with two or more minor components and the effects of phase shifts on meter performance as well as the formation of new phase envelopes remain to be fully investigated. These are some of the technical barriers that need to be overcome in the near future while implementing operating systems across the CCS streams.
